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Abstract

The activation of defense genes in response to wounding involves the integration of multiple inputs from various signaling molecules produced
in different tissues and cellular compartments. In this report, we demonstrate that calcium and magnesium ions enhance systemin activity and that
calcium fluxes are necessary for wound gene activation. During wounding, intracellular contents such as calcium, magnesium and the defense
peptide systemin, a potent activator of the wound response, are released into the apoplastic space. Our analysis showed that elevated concentrations
of calcium or magnesium ions in the apoplast significantly enhanced the biological activity of systemin by decreasing the concentration necessary
to induce maximal proteinase inhibitor accumulation by 100-fold. Calcium ionophores disrupt calcium gradients across biological membranes and
consequently elevate intracellular calcium levels. Plants treated with the calcium ionophores ionomycin and A23187 induced the accumulation of
proteinase inhibitor proteins to levels similar to those produced by wounding. Ionophore-mediated proteinase inhibitor induction was blocked in
the jasmonic acid signaling mutant def-/, indicating that increased levels of intracellular calcium activated the octadecanoid pathway leading to
wound gene activation. Calcium transport antagonists (nifedipine, verapamil, ruthenium red, and erythrosine-B) were found to inhibit proteinase
inhibitor synthesis in response to wounding, whereas extracellular calcium chelators were found to induce the synthesis of proteinase inhibitors in a
jasmonic acid-dependent and systemin-independent manner. Taken together, our data show that calcium and potentially magnesium ions play an
integral role in mediating the plant’s response to wounding.
© 2006 Elsevier Ireland Ltd. All rights reserved.

Keywords: Calcium; Divalent cations; Magnesium; Proteinase inhibitors; Systemin; Wound response

1. Introduction response [4]. Proteinase inhibitors are anti-digestive proteins

that interfere with proteases in the intestines of insects

Solanaceous plants respond to mechanical wounding or
herbivorous insect attack by inducing the synthesis of a wide
array of defense related proteins at the wound site and
systemically throughout the plant [1-3]. Proteinase inhibitor
synthesis is a well-characterized marker of the tomato wound
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depriving them of essential amino acids [5]. Wounding causes
the release and mobilization of an 18-amino acid polypeptide
called systemin [6] and other defense-related peptides [7-9].
The binding of systemin to the cell surface receptor kinase
SR160 [10] activates a wide range of physiological and
biochemical processes including ion transport, membrane
depolarization and alkalinization of the apoplast or growth
medium [11-13], the formation of hydrogen peroxide [14], the
activation of mitogen-activated protein kinases [15-16], an
increase in intracellular calcium (Ca2+) concentrations [17-18],
activation of calmodulin [19], and a phospholipase A, [20-21].
The phospholipase acts on plant membranes to release linolenic
acid, which is subsequently converted to biologically active
oxylipins, including 12-oxo-phytodienoic acid and jasmonic
acid (JA), via the octadecanoid pathway. These signaling
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molecules, as well as others coupled with response pathways
that are independent of JA, lead to the localized and systemic
wound response (reviewed in Refs. [2,3,22]).

Ca* appears to be a ubiquitous signal in all plant tissues,
and plays key regulatory roles in response to environmental or
developmental stimuli. In the resting state Ca>* levels are high
in the apoplast, mitochondria, vacuole and ER (~1 mM), and
low in the cytosol (~0.0001 mM). In response to various
stimuli, Ca®* ions are released into the cytosol via channel
proteins and pumped back into the organelles and apoplast via
Ca”* pumping ATPases (see reviews [23-25]). Ca**-binding
proteins serve as primary regulators of internal Ca®* levels in
plant cells. Ca**-binding proteins, such as calmodulin or
calcium-dependent protein kinases, function to buffer intra-
cellular Ca®* levels or translate intracellular oscillations of free
Ca”* levels into signal-specific cellular responses [26-29].

The specific biological role of Ca®* in the wound response
signaling cascade is unclear. Increases in cytosolic Ca®* levels
have been shown to be triggered by the wound signaling peptide,
systemin, resulting from an influx of extracellular Ca®* through
several types of Ca** permeable channels and mobilization of
internal Ca** stores [17]. However, this research failed to link
these increases in calcium concentration with activation of
wound responsive genes. Increases in cytosolic Ca** levels were
also shown to activate a Ca**-dependent protein kinase, which
may in turn phosphorylate and inhibit the plasma membrane H-
ATPase, resulting in alkalinization of the extracellular matrix and
depolarization of the plasma membrane [11-13,30]. In addition,
transcript levels of calmodulin increased in response to systemin
and wounding suggesting that binding of calcium to calmodulin
might be an integral part of the systemin/wound signaling
pathway [19,29,31].

In this report, we have investigated the effects of divalent
cations on the wound response in tomato plants. Elevated
concentrations of magnesium (Mg?*) and Ca®* in the appoplast
were shown to significantly enhance the biological activity of
systemin. Ca?* ionophores were found to induce the
accumulation of proteinase inhibitors, while Ca** antagonists
were found to inhibit the accumulation of proteinase inhibitors
resulting from wounding. This is the first report that directly
correlates calcium fluxes and wound gene activation. We
discuss potential roles for calcium and magnesium ions in the
wound response, which provides further insight into the
mechanisms that regulate plant defense gene expression.

2. Materials and methods
2.1. Plant material

Wild type (Lycopersicon esculentum cv Castlemart and cv
Better Boy); mutants def-1 and spr-1 (cv Castlemart); and
transgenic tomato plants over-expressing prosystemin cDNA
in antisense orientation (cv Better Boy) were grown for 14-15
days in peat pots for 17 h at 28 °C under >300 pEm 25!
light followed by a 7 h, 17 °C dark period. Plants at this stage
of development displayed two expanded leaves and a small
apical leaf.

2.2. Plant treatments and proteinase inhibitor bioassay

To assay proteinase inducing activity of test compounds,
feeding assays were performed 14-15 day old plants were
excised at their base of the stem with a razor blade and supplied
through their cut stems with the following solutions: water,
10 mM phosphate buffer (pH 6.8), systemin in water or
phosphate buffer, different concentrations of NaCl, chelators
(ethylene glycol bis(2-aminoethyl ether)-N,N,N'N’'-tetraacetic
acid [EGTA] pH 8.0; ethylenediaminetetraacetic acid [EDTA]
pH 8.0; citric acid pH 8.36; O,0’-Bis(2-aminophenyl)ethyle-
neglycol-N,N,N',N'-tetraacetic acid [BAPTA] pH 7.0) or
calcium ionophores (A23187 or ionomycin) in 1.7 mL
microfuge tubes (2 plants/tube). The plants were incubated
in closed plexiglass boxes for 1-1.5h (fluid uptake ranged
between 60 and 90 wL/h) and then were transferred to vials
containing distilled water. After treatment some plants were
wounded 1-2 times on both leaves with a hemostat
perpendicular to the midvein. All plants were then placed
back into sealed plexiglass boxes containing an open jar of 10 N
NaOH as a CO, trap, and incubated for 24 h under constant
light. Leaf juice from individual plants was expressed and
proteinase inhibitor concentrations were determined using a
radial immunodiffusion assay as previously described [32].

To examine the effects of calcium antagonists, excised
plants were supplied with either 10 uM ruthenium red, 10 puM
erythosine-B, 10 uM nifedipine or 10 wM verapamil in 10 mM
phosphate buffer through their cut stem for 1-2 h prior to
wounding or prior to supplying systemin or water for an
additional 2 h. After treatments, the plants were transferred to
water, incubated for 24 h under the same condition described
above and subsequently assayed for proteinase inhibitor
content.

In experiments involving treatment with methyl jasmonate
(MJ), excised plants were supplied through their cut stem with
either 10 wM ruthenium red or 10 wM erythosine-B, in 10 mM
phosphate buffer for 1 h, then transferred to vials of distilled
water. These plants were then exposed to MJ vapor for 24 h
(1 pL stock of MJ was diluted in 25 pL of ethanol and the total
volume was applied to a cotton wick inside a sealed plexiglass
box) and assayed for proteinase inhibitor content.

3. Results

3.1. Ca’* ionophores induce proteinase inhibitor
accumulation in plants

Ca** jonophores are used diagnostically in many biological
systems to study cellular responses to elevations in the
concentration of intracellular Ca** [25,33-37]. Excised tomato
seedlings treated with the Ca®* ionophore ionomycin exhibited
a dose-dependent induction of the serine proteinase inhibitors I
and II (Inh I and Inh II, respectively) (Fig. 1A), similar to the
induction produced by mechanical wounding. Ionomycin had
no effect at 0.1 wM, was maximally effective at 1.0 uM, and
exhibited reduced activity at a concentration of 10 uM.
Another well-documented calcium ionophore, A23187, also
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Fig. 1. Proteinase inhibitor induction by the calcium ionophores. (1A) Young
tomato plants were supplied through their cut stems with the indicated con-
centrations of ionomycin (I) or A23187 (A) for 1 h and then transferred to water.
Control plants were supplied with buffer alone (control), 2.5 pmol of systemin
(SYS) or incubated with buffer for 1 h and subsequently wounded on the leaves
and then transferred to water. (2B) Proteinase inhibitor induction by the calcium
ionophore ionomycin in the tomato mutant def-/. Proteinase inhibitor accu-
mulation in leaves was measured 24 h after treatment. All solutions were
supplied to plants in 10 mM phosphate buffer, pH 6.8. Data represent the
mean £ S.D. of four independent experiments (six plants/treatment).

induced proteinase inhibitors when supplied at concentrations
between 1 and 10 pM, but the levels of inhibitor induction were
only 70% of those observed using ionomycin at similar
concentrations (Fig. 1A). These experiments indicate that
ionophore-mediated increases in intracellular levels of free
Ca** induce proteinase inhibitor synthesis.

In order to determine whether Ca** ionophore-mediated
induction of proteinase inhibitors was jasmonic acid-depen-
dent, the tomato mutant def-1 was supplied with ionomycin.
The def-1 mutant has been shown to have a block in the
octadecanoid pathway and a severely reduced wound response
[38-39]. After treatment with ionomycin the def-I mutant
displayed no significant induction of proteinase inhibitors
(Fig. 1B) indicating that increased levels of intracellular
calcium leads to activation of the octadecanoid pathway
resulting in wound gene induction.

3.2. Ca®* transport antagonists differentially inhibit
proteinase inhibitor induction by wounding

The induction of the wound response by ionomycin suggested
that elevations in intracellular Ca®* levels contributed to the
observed increases in proteinase inhibitor accumulation. There-
fore, different Ca®* antagonists were assayed for their effects on
proteinase inhibitor accumulation in response to wounding.
Verapamil (Ver) and Nifedipine (Nif) have been shown to block
L-type calcium channels in the plasma membranes of animal

cells, whereas ruthenium red (RR) and erythrosine-B (EB) are
generally thought to inhibit the mobilization of Ca** from
internal stores. Moreover, EB has been shown to inhibit P-type
plasma membrane Ca**-ATPase. Fig. 2 shows that pre-treatment
of excised tomato seedlings with 10 uM of RR, EB, Nif or Ver for
1-2 h prior to wounding resulted in reduced proteinase inhibitor
accumulation. Pretreating plants with Ver or Nif prior to
wounding resulted in a 30-50% decrease in the levels of
proteinase inhibitor proteins compared to wounded control plants
supplied with buffer alone. Pretreatment with RR and EB
resulted in an 80-95% reduction in wound induced accumulation
of proteinase inhibitors. Taken together, the effects of ionophores
and Ca®* transport antagonists strongly suggest that increases in
cytosolic levels of free Ca** are a component of the signaling
pathway leading to proteinase inhibitor synthesis.

3.3. Ca** transport antagonists differentially inhibit
proteinase inhibitor induction by systemin and methyl
jasmonate

Jasmonic acid (JA) and its methyl ester, methyl jasmonate
(MJ) are powerful inducers of proteinase inhibitor synthesis
[40]. Since systemin and MJ are potent inducers of the wound
response, we wanted to determine if calcium transport
antagonists would affect their ability to induce proteinase
inhibitor synthesis. Fig. 3 shows that incubation of plants with
RR prior to treatment with systemin or MJ had negligible
effects on proteinase inhibitor synthesis. However, supplying
plants with EB prior to treatment with systemin and MJ
significantly reduced proteinase inhibitor synthesis compared
to water or buffer controls.
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Fig. 2. Inhibition of proteinase inhibitor synthesis by calcium transport antago-
nists. Excised plants were supplied with test compounds at a concentration of
10 uM for 1 h prior to wounding. They were then transferred to water and
incubated for 24 h. Control plants were supplied with buffer alone (Control) and
not wounded or incubated in buffer for 1 h and subsequently wounded on the
leaves (Buffer). After 24 h, the leaves were assayed for proteinase inhibitor
accumulation. All solutions were supplied to plants in 10 mM phosphate buffer,
pH 6.8. Data represent the mean £ S.D. of four independent experiments (six
plants/treatment).
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Fig. 3. Effects of calcium transport antagonists on proteinase inhibitor accu-
mulation induced by methyl jasmonate (MJ) or systemin. Excised plants were
supplied with calcium function antagonists for 1 h prior to treatment with MJ
(cross-hatched bars) or supplied with 2.5 pmol of systemin (shaded bars), then
transferred to water and incubated for 24 h. Control plants were supplied with
buffer alone or buffer supplemented with the test compounds with no further
treatment (open bars) for 1 h and then transferred to water. After 24 h the leaves
were assayed for proteinase inhibitor accumulation. Ruthenium red (10 pM);
erythrosine (10 wM). All solutions were supplied to plants in 10 mM phosphate
buffer, pH 6.8. Data represent the mean + S.D. of a minimum of three
independent experiments for each treatment (six plants/treatment).

3.4. Calcium chelators induce proteinase inhibitor
synthesis

Ca”* fluxes initiated by wounding might involve several
different Ca>* sources inside and outside the cell. Therefore, we
investigated the effects of Ca®* chelators on the wound response
with respect to Ca®* ions present in the extracellular matrix.
Initially, we performed feeding assays with the Ca®* chelator
EGTA at 10 mM. EGTA treatment had little effect on the levels
of proteinase inhibitors synthesized in response to wounding
(data not shown). However EGTA, supplied to plants at 10 mM
in the absence of wounding, induced the accumulation of
proteinase inhibitors to roughly 80% the levels produced by
wounding or treatment with systemin at 2.5 pmol (Fig. 4). The
proteinase inhibitor inducing activity of EGTA was concentra-
tion-dependent. Another specific chelator of Ca®*, BAPTA, also
induced proteinase inhibitors in a concentration-dependent
manner. We next investigated the effects of less specific
chelators, such as EDTA and citric acid, and found that these
compounds also induced proteinase inhibitors (Fig. 4).

It has been shown that watering the root system of tomato
plants with high NaCl concentrations activates the wound
response to high levels in intact tomato plants [41]. In order to
determine if the induction of proteinase inhibitors by EGTA
was due to osmotic stress in the leaf, we supplied tomato plants
with increasing concentrations of NaCl through their cut stems,

and monitored proteinase inhibitor induction. As shown in
Fig. 5, negligible proteinase inhibitor accumulation was
observed in tomato plants when supplied with increasing
concentrations of NaCl. This indicated that NaCl administered
through cut stems has different effects than NaCl supplied to the
root system, and that the protein inhibitor synthesis induced by
EGTA was not a result of osmotic or Na* (EGTA’s counter ion)
stress.

In order to determine what component(s) of the signaling
cascade was being affected by the chelators, we examined the
chelator-induced accumulation of proteinase inhibitors in
transgenic antisense-PS plants, and the mutant plants spr-1
and def-1. These plants are dramatically impaired in the
systemic accumulation of proteinase inhibitors in response to
wounding. The antisense-PS plant is impaired in the wound
response due to the silencing of the proystemin gene, resulting
in very low prosystemin transcript levels [42]. The spr-I mutant
is defective in a systemin-specific signaling step that couples
systemin perception to activation of the octadecanoid pathway
[43—-44]. As shown in Fig. 6, wild type plants supplied with
10 mM EGTA, displayed high levels of Inh I, reaching 85% of
the systemin elicited response, and as shown in Fig. 4. The
antisense-PS plants showed a similar pattern of accumulation,
but Inh I levels were approximately 60% of the wild type levels.
Inh I Ievels in the spr-1 mutants treated with EGTA were about
85% of the levels induced by EGTA in the wild type plants,
whereas the def-1 plants showed only low level induction of Inh
I accumulation in response to EGTA. Notably, in the def-1
plants, Inh I accumulation in response to EGTA was almost
double the amount induced from the wound peptide systemin.
Similar trends for all plants were observed for Inh II
accumulation (data not shown). These results indicate that
the EGTA effect is independent of systemin, but dependent on
jasmonic acid signaling.

3.5. Divalent cations enhance the potency of systemin

The peptide systemin has been shown to be a powerful
inducer of the wound response [6]. During mechanical
wounding, cells are disrupted releasing their contents to the
apoplastic spaces of the leaf. Ca** and magnesium (Mg>*) ions
from intracellular stores and systemin are released and may act
together to induce the wound response. However, when
supplying systemin to plants through the cut stem very little
cellular content is released to interact with systemin in the
extracellular matrix. Therefore, we sought to determine
whether elevated calcium and magnesium ion concentrations
would have an effect on systemin activity.

Systemin was supplied, through cut stems, at different
concentrations to young tomato plants in the presence of water,
10 mM CaCl,, or 10 mM MgSO,. As shown in Fig. 7A and B,
the presence of these divalent cations decreased the concentra-
tion of systemin necessary to induce maximal proteinase
inhibitor accumulation by 100-fold from 2.5 pmol to 25 fmol
per plant. In the presence of 10 mM MgSO,, 25 fmol of
systemin produced a similar level of Inh I (Fig. 7A), and a 90%
increase in the level of Inh II (Fig. 7B) accumulation, as



J.E. Dombrowski, D.R. Bergey/Plant Science 172 (2007) 335-344 339

140

120

100

80 1

Inhibitor conc. pg/mL

& EGTA

1 Inhibitor I
I | Inhibitor 1T

>
&

2,

EDTA Citric Acid BAPTA

Fig. 4. Accumulation of proteinase inhibitors in response to chelators. Tomato seedlings were excised and supplied for 1.5 h through their cut stems with aequous
solutions of chelators at the indicated concentrations. Proteinase inhibitor accumulation in leaves was assayed 24 h after treatment. Data represent the mean £ S.D. of
one representative experiment (n > 6 plants/treatment). Similar results were obtained in at least five independent experiments.

compared to the levels of inhibitors produced from 2.5 pmol of
systemin in water alone. In the presence of the divalent cations,
systemin supplied at 2.5 pmol showed very little enhancement
in its proteinase inhibitor inducing activity (Fig. 7A and B).
To further investigate Mg?* and Ca®" enhancement of
systemin activity, we varied the concentrations of the cations in
the presence of 25 fmol of systemin. As shown in Fig. 8, CaCl,
and MgSO, solutions alone in absence of systemin did not
induce the accumulation of proteinase inhibitors. However,
supplementation of 25 fmol of systemin with as low as 0.1 mM
of either CaCl, or MgSQO, enhanced systemin activity and
roughly doubled the amount of proteinase inhibitor accumula-
tion in leaves, when compared to the same amount of systemin
supplied only in water. The maximal systemin-enhancing effect
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Fig. 5. Proteinase inhibitor accumulation in response to increasing concentra-
tions of NaCl. 15 day-old tomato seedlings were supplied through their cut
stems with different concentrations of NaCl as indicated, or water (H,O) for
1.5 h. The bars represent the levels of proteinase inhibitor accumulation in
unwounded leaves 24 h after treatment. Data represent the mean £ S.D. of a
minimum of three independent experiments showing similar results (six plants/
treatment).

for CaCl, was observed at a 10 mM concentration and
decreased at 20 mM, while the effect of MgSO, was still
increasing at a concentration of 20 mM.

Since systemin activity was significantly enhanced in the
presence of CaCl, and MgSQO,, we wanted to determine if other
divalent cations would also exhibit similar effects. Tomato
seedlings were supplied with either 10 mM salt solutions alone,
or the salt solution in the presence of 25 fmol of systemin. As
shown in Fig. 9, none of the divalent cation solutions in absence
of systemin induced the synthesis of Inh I significantly above
background levels. As indicated above, Mg®" and Ca** ions
displayed strong systemin enhancing activity, whereas man-
ganese (Mn?"), in the form of manganese chloride, had less of
an enhancing effect on systemin activity. The remaining
divalent cations examined showed no enhancing effects.
Interestingly, the counter ion associated with the Mg** ion
appears to influence its enhancing effect, with sulfate
displaying a more potent effect than the chloride ion. Similar
trends were observed for Inh II (data not shown).

4. Discussion

Homeostatic Ca®* concentration gradients are established,
and rigorously maintained, across biological membranes. In
plant cells the concentration of free Ca**is, on average, 1000-
fold higher outside the cell than in the cytosol. Disruption of
this concentration gradient by treatment with Ca**-specific
ionophores or inhibitors of membrane-bound Ca** channels can
lead to inappropriate activation, or inhibition, of Ca**-regulated
processes. We designed experiments aimed at altering
intracellular levels of free Ca2+, and then examining the
effects of the altered Ca®* levels on activation of the wound
response cascade. Treatment of young tomato plants with the
Ca”* ionophores, ionomycin and A23187, induced the
accumulation of proteinase inhibitor proteins to levels similar
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mean & S.D. of a typical experiment. Similar results were obtained in at least
four independent experiments (six plants/experiment).

to those measured after wounding (Fig. 1A). This effect was not
observed in the tomato def-/ mutant (Fig. 1B), indicating that
Ca?* fluxes associated with the accumulation of proteinase
inhibitors activate the octadecanoid pathway resulting in
wound response gene activation. Ionophores generally are
non-specific and interact with all biological membranes (e.g.,
plasma membrane and internal organelles), therefore iono-
phore-mediated increases in the levels of cytosolic Ca®* most
likely represent combined contributions from both extracellular
and intracellular Ca®* stores.

The Ca* channel blockers verapamil (Ver) and nifedipine
(Nif) have been shown to block voltage-regulated L-type Ca**
channels in animal cells by binding to a subunit of the Ca**
channel complex [45,46]. These compounds were assayed for
their effects on proteinase inhibitor accumulation in leaves of
tomato plants. Verapamil has been shown to inhibit Ca®*
channels located in the tonoplast of plant root cells [47], and to
reduce the influx of Ca®* at the edge of the bite zone during
feeding of Spodoptera littoralis on lima bean leaves [18]. When
Nif and Ver were supplied to plants prior to wounding, we
observed a strong reduction in the accumulated levels of
proteinase inhibitor proteins when compared to wounding in
the absence of the antagonists (Fig. 2). These results suggest
that L-type Ca®* channels play a role in the normal wound
response.

To further investigate the role of Ca** channels in the wound
response we investigated the effects of ruthenium red (RR),
which is generally thought to inhibit plasma membrane Ca**
channels, as well as intracellular endomembrane Ca®* channels
[47-50]. Ruthenium Red in potato plants has been shown to
block induction of jasmonic acid biosynthesis and Inh II gene
expression associated with heat-activated action potentials
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(six plants/treatment).

[51]. In addition, RR has also been shown to interfere with Ca*t
release from vacuoles [52-53]. Fig. 2 shows that RR supplied to
plant cells before wounding severely inhibited the induction of
proteinase inhibitors in the wounded leaves. These experiments
addressed the channel-mediated role of Ca”* influxes into the
cytosol, and confirmed that Ca®* channels play a role in
mediating wound response activation.

We then looked at the role of Ca®*-ATPases involved in
transporting Ca”* from the cytosol back into the organelles and
the apoplast. EB has been shown to inhibit both plasma
membrane (PM) and endoplasmic reticulum (ER) associated
Ca”*-ATPases in plants [54—56]. Similar to RR, pre-incubation
of tomato plants with EB completely blocked the synthesis of
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Fig. 9. The presence of specific divalent cations increases the potency of
systemin. Fifteen day-old tomato seedlings were supplied through their cut
stems with 10 mM solutions of divalent salts in water (open bars) or in the
presence of 25 fmol of systemin (shaded bars): NaCl was supplied at 20 mM
concentration for 1.5 h. The bars represent the levels of proteinase inhibitor I
accumulation 24 h after treatment. Data represent the mean 4+ S.D. of a
minimum of three independent experiments showing similar results (six
plants/treatment).

proteinase inhibitors in response to wounding. However, EB
and RR exhibited different effects on proteinase inhibitor
induction in response to MJ exposure or treatment with
systemin. Pre-treatment of tomato plants with EB severely
inhibited their ability to accumulate proteinase inhibitors in
response to systemin or MJ, whereas RR showed no inhibitory
effects under similar conditions (Fig. 3). Overall the data show
that inhibition of Ca**-ATPases affects the response to
wounding and systemin in a similar way.

Ca** fluxes are often one of the earliest signaling events after
perception of an inducing signal. Consistent with this, we found
that Ca”* fluxes associated with effects of ionophores function
proximal to JA biosynthesis (data not shown). Therefore, it was
surprising to see that EB strongly reduced the response to MJ.
Differential effects on gene induction or inhibition by various
Ca”" antagonists are not uncommon. A variety of effects by
different antagonists were observed in studying the Ca®*
requirements of ethylene-dependent response in mung bean and
pea tissues [57-59]. However, the overall effects observed
while using the various Ca** antagonists clearly point to the
interplay of ion channels, pumps, and Ca** pools during
activation of the wound response by mechanical wounding and
application of systemin. Taken together, the results described
here, which demonstrated proteinase inhibitor induction by
Ca** ionophores (Fig. 1A and B) and their inhibition by Ca**
transport antagonists (Figs. 2 and 3), are consistent with a Ca**-
dependent defense signaling pathway.

Chelators bind Ca®* ions making them unavailable in
solutions. We expected to see an inhibitory effect of Ca®*-
chelators on the wound response. Instead we found that Ca®*-
chelators induced proteinase inhibitor synthesis in the absence
of wounding (Fig. 4). In order to determine what component(s)
of the signaling cascade was being affected by the chelators,
we investigated the effects of EGTA in wound response
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mutants in tomato. The def I mutant is impaired in the
octadecanoid pathway and thus compromised in its ability to
accumulate JA in response to wounding and elicitors [39].
When the def-1 mutant was supplied with EGTA it exhibited a
severe decrease in the accumulation of the Inh II protein as
compared to similarly treated wild type plants (Fig. 6). This
indicates that an intact octadecanoid pathway is necessary for
EGTA-induced accumulation of the wound-inducible protei-
nase inhibitors. The low levels of Inh II protein in def-1, 10—
20% of wild type levels are most likely due to the ‘““leaky”
nature of the mutant [39].

Previously it has been reported that when 10 mM EGTA was
applied to tomato leaves, in which their epidermis had been
removed, the presence of the chelator did not significantly
affect the systemin induced increase in cytosolic Ca®* [17].
However, in L. peruvianum cell cultures the extracellular Ca®*
chelator BAPTA was found to suppress medium alkalinization
in response to systemin [13]. To determine whether systemin
action was necessary for EGTA-induced accumulation of
inhibitor proteins, EGTA was supplied to antisense-PS and spr-
1 mutant tomato plants. Exposure of the spr-I mutant and
antisense-PS tomato plants to EGTA resulted in a significant
accumulation of Inh II. These results indicated that systemin
was not necessary for EGTA-induced accumulation of the Inh II
protein. It is unclear how these chelators are activating wound-
related genes. Previous research has shown that EGTA did not
disrupt increases in cytoplasmic Ca** levels in response to
mechanical stimuli [60] or systemin [17]. Further research into
the action of these chelators is needed and may provide greater
insight into wound response activation, and calcium signaling
processes in general.

As discussed above, Ca®t antagonists have differential
effects on systemin and wounding. One of the significant
differences between wounding and treatment with systemin is
that during the wounding process cellular components
including divalent cations are released into the extracellular
matrix, which may contribute to activation of the wound
response. Intracellular contents are generally absent during
supplementation of systemin to leaves via the cut stem or to
suspension-cultured cells. In plant cells, intracellular Ca**
concentrations can be as high as 10 mM in the vacuole and
1 mM in other intracellular compartments, whereas extra-
cellular Ca* levels can exceed 1 mM [24]. Another divalent
cation critical to the proper function of plant cells is magnesium
(Mg>*"). The concentration of free cytoplasmic Mg** is on the
order of 1 mM and the content of some leaf endodermal cells
has been measured at values as high as 100 mM in storage
compartments [61]. During wounding, cations, such as Ca**
and Mg**, derived from intracellular stores may interact with
systemin in the apoplast to induce a localized wound response.
In order to elevate ion concentrations in the extracellular
matrix, we supplied systemin to plants in the presence of
different divalent cations. Surprisingly, the addition of Ca** and
Mg?>* ions profoundly enhanced systemin’s activity decreasing
the concentration of systemin necessary to induce maximal
proteinase inhibitor accumulation by 100-fold (Figs. 7 and 8).
We tested a range of other divalent cations of which only Mn**

increased systemin activity slightly (Fig. 9). Since the chloride
and sulfate counter anions for Ca** and Mg?* were also present
in other inactive salts tested, the effect of CaCl, and MgSQOy, is
clearly due to the cation.

The mechanism for the increased biological activity of
systemin in the presence of Ca®* and Mg>* is unknown.
Systemin has been shown to trigger an influx of extracellular
Ca” via several different types of Ca** channels as well as
cause the mobilization of internal Ca>* stores (our data and Ref.
[17]). These influxes could be enhanced due to the presence of
increased extracellular concentration of Ca”* ions after
wounding. Furthermore it has been shown that in fava bean
guard cells Mg®* ions sensitize slow vacuolar channels to
physiological levels of cytosolic Ca** that lead to slow vacuolar
current activation [62]. The report by Pei et al. [62] also indicate
synergistic effects between Ca®* and Mg>* ions, and that Mg>*
can play an important role in the regulation of vacuolar ion
channels. Mg>* ions could play a similar role to enhance the
activity of some ion channels as a result of their increased
concentration outside the cell after wounding.

How physiologically relevant it is to supply concentrations
of Ca®* and Mg** ions as high as 10 mM to plants? Although
ion concentrations of 10 mM may not be present throughout the
whole leaf, when cells are disrupted upon wounding release of
intracellular stores of Ca®* and Mg®" ions may create
microenvironments of exceptionally high local concentrations.
In these microenvironments, systemin may interact synergis-
tically with these ions when binding to its receptor, or cause
activation and enhancement of Ca* channels being used by the
localized increases in divalent cations. However, it is
impossible to determine the actual ion concentrations at the
target sites. When supplying plants with Ca®* and Mg** ions
through their cut stems, the effective concentrations of the
divalent cations may not actually be as high as 10 mM when
reaching target tissues (Figs. 7-9). Plants were only exposed to
these solutions for 90 min, and were subsequently chased with
water for the next 24 h. Notwithstanding the potential
limitations noted above, the work described here clearly
indicates that the presence of the divalent Ca** and Mg
cations have a highly significant effect on the biological activity
of systemin.

Ca”* appears to be a ubiquitous signal in all tissues of plants
where oscillations of cytosolic Ca?* levels in response to
environmental or developmental stimuli have been observed.
Specificity of the plant’s response to these oscillations still
remains unclear. Potential targets of the Ca®* signal are Ca**
binding proteins such as calmodulin and Ca®*-dependent
kinases. The research described here is the first report that
directly correlates calcium fluxes and wound gene activation. In
addition to Ca2+ﬂuxes, our data demonstrated that elevated
concentrations of calcium or magnesium ions in the apoplast
significantly enhanced the biological activity of systemin. It is
now clear from the work described here, and that of others, that
Ca”* does play a significant role in the activation of the wound
response. The specific components or proteins of the wound
signaling pathway that interact with these ions will need to be
addressed in future work.
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